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Abstract 15 
The Origins, Spectral Interpretation, Resource Identification, and Security–Regolith Explorer 16 
(OSIRIS-REx) mission to carbonaceous asteroid (101955) Bennu performed detailed mapping 17 
with a suite of instruments to characterize the composition and geology of its surface.  Here we 18 
use data from the OSIRIS-REx Thermal Emission Spectrometer (OTES) instrument to investigate 19 
the relationship of OTES-derived spectral indices to other derived data products from OTES, the 20 
OSIRIS-REx Camera Suite (OCAMS), and the OSIRIS-REx Visible and InfraRed Spectrometer 21 
(OVIRS) at global and local scales.  We quantitatively confirm that high values of the OTES 22 
silicate stretching slope (from ~10 to ~12 µm) in midday spectra that are indicative of thin 23 
and/or patchy dust cover are strongly associated with low thermal inertia (high porosity), low 24 
albedo boulders on Bennu. These high porosity boulders have brecciated textures with 25 
embedded clasts that likely originated on Bennu’s parent body or during its disruption.  The 26 
high porosity of these boulders is a key factor in the local production of the dust or its 27 
entrapment, as some large, brecciated boulders with a lower porosity have little evidence of 28 
dust.  A second OTES spectral parameter, the silicate bending band depth near 22.7 µm applied 29 
to early evening spectra, is not correlated to thermal inertia, but is weakly to strongly 30 
correlated to albedo, OVIRS-derived 1.05 µm and 2.74 µm band depths, OVIRS-derived 31 
hydrogen abundance, and modeled nanophase troilite abundance. In several regions on Bennu 32 
there is a strong spatial relationship between these parameters, whereby areas with shallower 33 
silicate bending bands also have shallower 1.05 µm and 2.74 µm bands and lower albedo with 34 
higher nanophase troilite abundances.  These correlations, combined with analysis of the 35 
silicate bending band in laboratory experiments of space weathered and mildly heated 36 
carbonaceous chondrites, suggests that decreased silicate bending band depths signify 37 
decomposition of phyllosilicates, likely Fe-bearing, due to space weathering or mild heating 38 

(<600 C) via solar radiation during Bennu’s time in near-Earth space.  There is a strong 39 
association of larger silicate bending band depths in areas dominated by small rocks and 40 

unresolved material and in areas with small ( 25 m) craters identified as the spectrally reddest 41 
on Bennu, suggesting that this material has been more recently exposed due to impact and/or 42 
mass wasting processes. The shallowest silicate bending depths are associated with larger rocks 43 
and boulders that appear to have the longest surface exposure history, although there is band 44 
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depth variation among them suggesting either initial composition variation that resulted in 45 
different responses to space weathering or heating, or varied exposure history of individual 46 
boulders themselves. We predict that any grains returned from Bennu with a significant surface 47 
exposure history will be characterized by shallower 22.7 µm, 1.05 µm and 2.7 µm band depths 48 
and increased sulfide (troilite) abundance, as well as textural and chemical evidence for 49 
phyllosilicate dehydration. 50 
 51 
Keywords: Asteroids, surfaces; Asteroids, composition; Asteroids, evolution; Regoliths; 52 
Spectroscopy; Solar Wind; Solar radiation 53 
 54 
Highlights: 55 

• Spectral evidence suggests phyllosilicate decomposition and dehydration has occurred 56 
on Bennu 57 

• This phyllosilicate decomposition appears to be related to the surface exposure age of 58 
the material 59 

• Phyllosilicate decomposition on Bennu is most likely caused by space weathering or mild 60 

solar radiative heating (<600 C)  61 
 62 

1. Introduction 63 
 64 
As of this writing, the Origins, Spectral Interpretation, Resource Identification, and Security–65 
Regolith Explorer (OSIRIS-REx) mission to carbonaceous asteroid (101955) Bennu is on its way 66 

back to Earth with a substantial cache (250  150 g) of collected asteroid regolith (Lauretta et 67 
al., 2022).  Prior to the collection event on October 20, 2020, the OSIRIS-REx spacecraft spent 68 
nearly two years characterizing the ~500-m-diameter rubble-pile asteroid with a large suite of 69 
instruments.  During that time extensive imaging and mapping of Bennu’s surface was done at a 70 
range of wavelengths, from the near infrared (NIR) through the far infrared (FIR), at a variety of 71 
spatial scales on the surface.  From this rich dataset it was determined that the surface 72 
composition was most consistent with carbonaceous chondrites that are significantly hydrated, 73 
carbonate- and organic-bearing (CI/CM/C2; (Hamilton et al., 2019; Simon et al., 2020b)) and the 74 
presence of centimeters-thick, meter-long carbonate veins suggest extensive fluid flow on 75 
Bennu’s parent body (Kaplan et al., 2020b). The surface was found to be surprisingly rough and 76 
boulder-rich, with only minimal exposures of small pebbles and grains that made sample site 77 
selection a challenge (Lauretta et al., 2019a; Lauretta et al., 2021).  It was also found to be a 78 
relatively young and active surface with evidence for mass wasting and movement (Walsh et al., 79 
2019; Jawin et al., 2020; Jawin et al., 2022), thermally-driven fracturing and exfoliation (Molaro 80 
et al., 2020a; Molaro et al., 2020b; Delbo et al., 2022), and regular ejection of (sub)centimeter-81 
sized particles from the surface (Lauretta et al., 2019b; Hergenrother et al., 2020).  Despite this 82 
recent surface activity several relatively old features are preserved including large craters on 83 
Bennu’s equatorial ridge that likely formed during Bennu’s time in the main belt up to 1 Gyr ago 84 
(Walsh et al., 2019) and boulder surfaces that likely record the totality of Bennu’s residence 85 

time in near Earth space, 1.75  0.75 Myr (Ballouz et al., 2020).   86 
 87 
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Further in-depth analysis of spectral datasets from the OSIRIS-REx Thermal Emission 88 
Spectrometer (OTES) and OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) instruments 89 
have yielded detailed insights into Bennu’s surface composition and geologic history.  Simon et 90 
al. (2020a) identified minor OVIRS bands consistent with phyllosilicate that correlate to the 2.74 91 
µm hydration band on Bennu.  Praet et al. (2021) estimated the mean hydrogen content 92 
through analysis of the 2.74 µm band and found that it was consistent with some aqueously 93 
altered chondrites (CM, C2) but not the most aqueously altered group (CI).  Other studies have 94 
likewise suggested Bennu’s spectra is a most consistent with a low petrologic type CM, CR, or 95 
ungrouped C2 chondrite, or some combination thereof, and likely represents a unique 96 
chondrite composition that is not present in our current meteorite collection (Merlin et al., 97 
2021; Hamilton et al., 2022). Other analyses have suggested evidence for space weathering of 98 
Bennu’s surface material that has further modified whatever initial lithology(ies) are present 99 
(Brunetto et al., 2020; DellaGiustina et al., 2020; Lantz et al., 2020; Trang et al., 2021; Clark et 100 
al., 2023). 101 
 102 
One analysis thus far missing is a thorough integration of all available spectral datasets to gain a 103 
more integrated view Bennu’s composition and geologic history. Analysis of OTES data suggest 104 
that this spectral dataset reveals little compositional variation on Bennu’s surface, and is 105 
dominated, especially in the silicate stretching region, by transparency features associated with 106 
very thin and/or patchy dust (<5-10 µm in thickness) that is covering some of Bennu’s surface 107 
(Hamilton et al., 2021) (Fig. 1).  Those authors define within the daytime (12:30 pm local 108 
standard time, LST) OTES data a surface Type 1 and Type 2, with the latter containing more 109 
spectral evidence for dust presence (although minimal; thermal inertia data of Bennu does not 110 
require dust to be present but places an upper limit of <50 µm thickness, consistent with the 111 
spectral data (Rozitis et al., 2020)).  However, other analysis of the OTES data hint that some 112 
further information regarding composition or space weathering effects can be obtained from 113 
this dataset (Lantz et al., 2020; Breitenfeld et al., 2022). 114 
 115 
Here we investigate the OTES surface Types 1 and 2 of Hamilton et al. (2021) and other OTES 116 
spectral indices that utilize the two major bands present in OTES data – the silicate stretching 117 
and bending bands (Fig. 1). We compare these indices to numerous other spectral indices 118 
defined by the OVIRS and OSIRIS-REx Camera Suite (OCAMS) instruments, using both globally 119 
quantitative and a more localized, detailed analysis approach. For the latter we explore the 120 
geomorphologic setting of the various spectral datasets through OCAMS visible imagery to 121 
further understand the geologic setting and relationship of the various spectral units. 122 
 123 

2. Methods 124 
 125 
We used data and derived data products from the OTES, OVIRS, and OCAMS instruments (Table 126 
1).  The OTES instrument is a hyperspectral point spectrometer that measures emitted radiance 127 
from 1750 to 100 cm-1 (5.71 to 100 μm) with an 8-mrad diameter field of view.  Details on OTES 128 
instrument calibration, performance, and data processing can be found in Christensen et al. 129 
(2018b; 2019) and Hamilton et al. (2019; 2021).  The OVIRS instrument is a visible to near 130 
infrared point spectrometer that measures reflected radiance over 0.4–4.3 μm (25,000–2300 131 
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cm−1) with a 4-mrad diameter field of view.  OVIRS instrument calibration, performance, and 132 
data processing details are in Reuter et al. (2018) and Simon et al. (2018). The OCAMS consists 133 
of three cameras, SamCam, MapCam, and PolyCam, that are used to image the surface of 134 
Bennu at multiple spatial scales and visible wavelengths (Rizk et al., 2018).   135 
 136 
We utilized OTES spectral data collected during the Detailed Survey (DS) mission phase, 137 
primarily from Equatorial stations 3 (EQ3; 12:30 pm local solar time (LST)) and 6 (EQ6; 8:40 pm 138 
LST), as these represented the daytime and nighttime spectra with the highest signal to noise 139 
ratio (SNR).  While the EQ6 data may not show the least radiance contribution from the dust 140 
that is known to be present on Bennu’s surface compared to other nighttime spectra, it has 141 
higher SNR for spectral analysis than the pre-dawn data while still having a significantly reduced 142 
dust contribution (Hamilton et al., 2021).  We explore the possible dust radiance contribution 143 
from this early evening local solar time when analyzing the EQ6 data. 144 
 145 
OTES spectra were selected to be fully on-body (FOV fill flag = 1) with a mean emission angle 146 
less than 55 degrees and radiometric quality 0 to 2 (meaning space observations were used for 147 
calibration and no phase inversions are present in the spectra (Christensen et al., 2019a)).  The 148 
Si-O silicate stretching ratio (SR) and Si-O bending band depth (BBD) spectral indices are 149 
calculated the same as in (Hamilton et al., 2021).  The SR and BBD were called the R987/814 150 
and BD440 in that work, but because these numbers refer to wavenumbers and we compare to 151 
OVIRS and OCAMS datasets that reference wavelength, we rename them here to avoid 152 
confusion. For SR, the average emissivity for OTES channels 113-115 (~996 - 978 cm-1; 10.0 – 153 
10.2 µm) is divided by the average of channels 93-95 (~823 - 805 cm-1; 12.2 – 12.4 µm).  For 154 
BBD, the average emissivity of channels 60-62 (~537 - 520 cm-1; 18.6 – 19.2 µm) plus the 155 
average emissivity of channels 43-45 (~390 - 372 cm-1; 25.6 – 26.9 µm) is divided by two and 156 
then divided by the average emissivity in channels 50-51 (~442 - 433 cm-1; 22.6 – 23.1 µm). For 157 
the Si-O stretching band depth (SBD) we neglected the Christiansen frequency region (~1120-158 
1090 cm-1; 9.0 – 9.2 µm) because of higher noise in this area, especially during the EQ6 (8:40 159 
pm) station due to colder surface temperatures.  Therefore, SBD was calculated as the average 160 
emissivity of channels 67-69 (598-580 cm-1; 16.7-17.2 µm) divided by the average emissivity of 161 
channels 104-108 (935-901 cm-1; 10.7 – 11.1 µm).  Errors for all indices were calculated using 162 
the standard error for each channel average and propagating it according to the math formula 163 
of the index.   164 
 165 
In order to test for global correlations between spectral parameters on Bennu that have been 166 
acquired at different times and/or with different instruments, the various spectral indices were 167 
mapped onto the 50k faceted shape model of Barnouin et al. (2019).  For the SBD global map 168 
created for this work, values were combined using the weighted average algorithm of Ferrone 169 
et al. (2021).  All SR and BBD global maps (also mapped onto the 50K Bennu shape model) are 170 
from Hamilton et al. (2021).  171 
 172 
All other global, faceted spectral maps used in this work are also mapped using the 50K Bennu 173 
shape model and are described in previous works.  The OVIRS-derived bond albedo map is from 174 
Li et al. (2021), the OTES-derived thermal inertia map is from Rozitis et al. (2020), and the OVIRS 175 
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2.74 band depth map is from Simon et al. (2020b).  We used the modeled space weathering 176 
maps from OVIRS data from Trang et al. (2021) and the four OCAMS-derived spectral maps of 177 
DellaGiustina et al. (2020): normal reflectance at 0.55 µm, normalized 0.85/0.55 µm visible 178 
slope proxy, normalized 0.47/0.55 µm near-UV slope proxy, and relative band strength at 0.7 179 
µm.  Because the OCAMS images used to generate the global maps had a per pixel resolution of 180 
~25 cm (DellaGiustina et al., 2020), all OCAMS maps were blurred to approximate the OTES 181 
resolution (~40 m) using a Gaussian convolution kernel (see Rozitis et al. (2020) for details).  We 182 
used the two hydrogen abundance maps of Praet et al. (2021) (the effective single-particle 183 
absorption thickness (ESPAT) and normalized optical path length (NOPL) maps) as additional 184 
hydration index maps and also investigated seven other OVIRS-derived spectral parameters 185 
(0.55 µm band, 1.05 µm band, 1.4 µm band, 1.8 µm band, 2.3 µm band, spectral slope from 0.5 186 
to 1.5 µm, and band area from 3.2 to 3.6 µm) (Kaplan et al., 2020a; Simon et al., 2020a; Simon 187 
et al., 2020b). 188 
 189 
To test for correlations between various datasets we followed the method of Simon et al. 190 
(2020b) and calculated the Spearman’s rank correlation coefficient.  We selected this 191 
parameter to test for a relationship between datasets as it requires only a monotonic 192 
relationship, and not necessarily a linear one, between two variables.  We interpret a strong 193 
correlation as r > 0.6, moderate correlation as r = 0.5 – 0.59, and weak correlation as r = 0.4 – 194 
0.49.  A correlation value less than 0.40 is interpreted as a non-significant correlation in this 195 
work. To account for the error for each dataset (which vary depending on the instrument used, 196 
observation details, and the calculation method of each dataset) in the Spearman’s rank 197 
correlation test we used the Monte Carlo perturbation method described by Curran (2014). The 198 
Spearman’s rank correlation (r) reported herein is the average and 1 standard deviation of rank 199 
correlation values of 20k simulations using the dataset’s reported error as the 1 sigma error. All 200 
correlation results are reported in Table S2. 201 
 202 
We used the J-Asteroid program, a variant of JMARS (Christensen et al., 2009; Christensen et 203 
al., 2018a), to visualize the mapped spectral datasets along with OCAMS visible imagery to 204 
assess their spatial relationships, geomorphology and surface textures. We used a 205 
photometrically corrected, global, 5 cm/pixel OCAMS PolyCam mosaic as a visible basemap of 206 
Bennu’s surface (Bennett et al., 2021), and individual PolyCam images for higher resolution 207 
investigations of local sites.   208 
 209 
Here we also report previously unpublished spectral results from a study on experimental 210 
heating of highly altered CM 2.1 ALH 83100 (Lindgren et al., 2020).  Similar to the other chips 211 
that were heated for that study, a chip (123 mg) of ALH 83100 was placed in a platinum crucible 212 

and heated in a tube furnace under vacuum (~5 x 103 mbar), and in this case held at 400 C for 213 
a full week. After heating the chip was embedded in resin, sectioned, and polished.  Infrared 214 
reflectance spectra on the polished section were acquired using a Thermo Scientific iN10 FTIR 215 
microscope (µ-FTIR) equipped with an extended range, liquid nitrogen–cooled mercury 216 
cadmium telluride (MCT) detector, and potassium bromide (KBr) beamsplitter. Spectra were 217 
collected as a map over the section with an individual spot size of 300 µm per pixel and an 218 
average of 256 scans with a 2 cm-1 spectral sampling over 4000–400 cm-1 (2.5–25 µm).  Spectra 219 



 6 

were averaged (n =28) to create an average spectrum of the heated chip and plotted as 220 
emissivity (assuming Kirchhoff’s Law, E = 1-R, is sufficiently applicable, where E is the emissivity 221 
and R is the reflectance; (Salisbury, 1993)). Further details on experimental and spectral 222 
measurements and data processing, including for the previously published unheated and 24-223 
hour heated chip data, can be found in Lindgren et al. (2020). 224 
 225 

3. Results 226 
 227 
3.1 OTES Spectral Parameters and Global Correlations 228 
 229 
First we revisit the relationship between the silicate stretching ratio (SR) at 10.0 – 12.4 µm 230 
(~996 - 805 cm-1) which is used to define the two spectral Types 1 and 2 (relatively lower and 231 
higher dust, respectively) of Hamilton et al. (2021), and the silicate bending band depth (BBD) 232 
at 22.7 µm (440 cm-1), which is also influenced by the presence of the dust (Graff, 2003) (Fig. 1).  233 
During the day (EQ3) when radiance of the dust contributes significantly to the spectral 234 
signature of the surface measured by OTES, there is a moderate negative correlation (r = -0.53 235 
(0.05)) between these spectral parameters. This correlation in the daytime data disappears at 236 
night (EQ6; 8:40 pm LST; r = -0.13 (0.02)) when dust radiance is reduced (Fig. 2a-b). As noted by 237 
Hamilton et al. (2021), this moderate (but not strong) correlation during the day suggests that 238 
there is one or more factors other than the dust presence influencing these bands, which could 239 
include variability among spectra in SNR and anisothermality.  When these same spectral 240 
parameters are calculated as a weighted average on each facet of the Bennu shape model, the 241 
Spearman’s rank correlation values are higher but the interpretation remains the same: the 242 
dust radiance during the day results in a strong correlation (r = -0.75 (0.04)) between the SR and 243 
the BBD, which is then absent (r = -0.28 (0.05)) at night (Fig. 2c-d). It is not clear why the 244 
Spearman’s rank correlation values are higher when averaging the spectral parameters over a 245 
global faceted map, but it could be due to noise reduction through the averaging of several 246 
OTES spots per facet, or a smearing effect that occurs when mapping partially overlapping OTES 247 
spots that are much larger (~40 m) than the ~5 m facet (Ferrone et al., 2021).   248 
 249 
We next examined the relationship between the SR and OVIRS-derived bond albedo (Li et al., 250 
2021) and OTES-derived thermal inertia (Rozitis et al., 2020). During the day, the SR shows a 251 
strong negative correlation with albedo (r = -0.65 (0.04)) and thermal inertia (r = -0.63 (0.02)) 252 
(Fig. 3a,c). However, these correlations are not present when using the nighttime OTES spectra 253 
(both r < 0.40) when the spectral radiance of the dust is low (Fig. 3b,d).  This quantitatively 254 
confirms the inference of Hamilton et al. (2021) that the presence of the dust (e.g., Type 2, high 255 
dust surface) is primarily associated with low albedo, low thermal inertia surfaces on Bennu.  It 256 
is important to note that the low thermal inertia of the surface is not primarily due to the 257 
presence of the dust but rather reveals a physical property of the underlying rock, which has 258 
been interpreted as high porosity (Rozitis et al., 2020). The dust cover is too thin and/or patchy 259 
(5-10 µm; (Hamilton et al., 2021)) to significantly contribute to the thermal signature of the 260 
surface that is a function of the thermal skin depth, which is a few centimeters on Bennu 261 
(Rozitis et al., 2020).    262 
 263 
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The relationship between the BBD and the OVIRS bond albedo and OTES thermal inertia are 264 
also shown in Figure 3.  The daytime BBD has a strong positive correlation (r = 0.64 (0.03)) to 265 
albedo and a moderate correlation to thermal inertia (r = 0.51 (0.03)).  The nighttime BBD has 266 
no correlation with thermal inertia (r = 0.17 (0.05)) but is still correlated to albedo 0.59 (0.06)). 267 
This is significantly different behavior than that observed for the SR (aka Type 1/2) that is 268 
strongly influenced by the presence of dust and not correlated with either albedo or thermal 269 
inertia at night when dust radiance is minimized (Fig. 3b,d). This suggests that the nighttime 270 
EQ6 BBD is influenced by something other than (or in addition to) the presence of dust.  271 
However, if this non-dust factor is also contributing to the BBD during the day, this may also 272 
explain the only moderate correlation (r = -0.53 (0.05)) between the SR and the BBD EQ3 273 
daytime data on a per-OTES spectrum basis (Fig. 2a).  Whatever is controlling the nighttime 274 
BBD, it appears to be correlated with variations in albedo.  Specifically, the smallest BBDs are 275 
associated with lower albedo surfaces.   276 
 277 
We also examined the relationship of the Si-O stretching band depth (SBD) to the BBD and find 278 
that they are strongly positively correlated (r = 0.80 (0.04)) during the day and moderately 279 
correlated (r = 0.52 (0.05)) at night (Fig. 4a,b).  The strong daytime correlation is most likely due 280 
to presence of the dust, which will decrease the depth of both the Si-O stretching and bending 281 
bands in tandem (Graff, 2003, see also Hamilton et al. 2001), but at night, when dust radiance is 282 
assumed to be minimal, another explanation is required.  Two possibilities could explain the 283 
moderately correlated band depths at night: 1) dust is still contributing the radiance at this time 284 
of day (8:40 pm); or 2) small particle size or surface roughness variations (at the scale of OTES 285 
wavelengths) on Bennu’s surface is decreasing spectral emissivity contrast across all 286 
wavelengths (Vincent and Hunt, 1968; Ramsey and Christensen, 1998; Ramsey and Fink, 1999; 287 
Osterloo et al., 2012).   288 
 289 
However, comparing the silicate stretching and bending band depths of the individual OTES 290 
spectra reveals that the band depths are in fact not correlated at night (r = 0.28 (0.04); Fig. 4D), 291 
suggesting again that correlation values from global, faceted map data can be higher due to the 292 
averaging or smearing of the large OTES spots onto the smaller map facets, likely masking 293 
heterogeneity present at smaller spatial scales. The strong correlation (r = 0.63 (0.04); Fig. 4C) 294 
of the individual daytime band depths is readily explained by the presence of dust, but the lack 295 
of correlation at night suggests that neither dust radiance, nor spectral contrast differences due 296 
to variations in particle size or surface roughness, can account for all of the variation of the 297 
nighttime BBD across Bennu’s surface.  A particle size effect is also inconsistent with the 298 
positive correlation of the nighttime BBD to albedo. If a smaller particle size was causing 299 
decreased BBD (e.g., Vincent and Hunt, 1968), we would expect increased visible albedo with 300 
smaller particle sizes (e.g., Cloutis et al., 2011b), but we see the opposite trend (Fig. 3f).  301 
 302 
Spectral averages of the 300 nighttime EQ6 spectra with the with smallest and largest BBDs also 303 
suggest minimal radiance contribution from dust (Fig. 5). The small and large BBD spectra both 304 
show a silicate stretching shape in the ~1100-700 cm-1 (~9-14 µm) spectral region that is very 305 
similar to the lowest dust (Type 1) spectrum.  To further confirm that there is minimal dust 306 
contribution in the EQ6 8:40 pm data, we examined the SR and BBD of average OTES spectra 307 
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among all seven equatorial stations for eight individual sites on Bennu (Supplemental Material).  308 
We find that there is no measurable difference or discernable trend in BBD between day and 309 
night observations for any of the sites, including the high dust, Type 2 sites.  This strongly 310 
suggests that compared to the SR, the BBD is a less sensitive indicator of the presence of dust 311 
on Bennu, regardless of the time of day, and dust is not contributing significantly to the EQ6 312 
nighttime BBD.  We therefore rule out dust radiance, in addition to particle size/surface 313 
roughness variations, as explaining the majority of the variation in the nighttime BBD across the 314 
surface of Bennu. 315 
 316 
Finally, we examine the global, spatial relationship between the surfaces defined by the 317 
daytime EQ3 SR (Types 1 and 2, low and high dust, respectively) of Hamilton et al. (2021) and 318 
surfaces defined by nighttime EQ6 BBD (Fig. 5B, 6).  Comparing these indices at the global, 319 
faceted map scale indicate that dusty, Type 2 surfaces tend to have lower EQ6 BBD (r = -0.54 320 
(0.05); Fig. 5b), suggesting they are in fact the same surface (i.e., they are co-located) even 321 
though the EQ6 BBD is not indicative of dust (for most of Bennu’s surface; see above and 322 
Supplemental Material).  However, we have already shown that using global, faceted maps may 323 
cause correlations to appear higher due to averaging and/or spatial smearing of the OTES 324 
spectral spots (Figs 2, 4), and so this correlation may not be as strong as indicated.  And the 325 
relationship of the different OTES spectral surfaces with OTES thermal inertia suggests they are 326 
not the same surface.  While Type 2 (dusty) surfaces are correlated to OTES thermal inertia (r = 327 
-0.63 (0.02); Fig. 3c), surfaces defined by the EQ6 BBD are not (r = 0.17 (0.05); Fig. 3h).  If these 328 
spectral surface types represent the same surface on Bennu then EQ6 BBD surfaces should be 329 
positively correlated to OTES thermal inertia as well, but they clearly are not (Fig. 3h).  The 330 
global maps of OTES spectral Types 1/2 and EQ6 BBD also show that the maps are not simple 331 
inverses of each other, although there are several areas that are characterized as both a strong 332 
Type 2 (i.e., dusty) surface with a very low EQ6 BBD (Fig. 6).  In the following sections we 333 
compare these OTES spectral surface types (EQ3 SR Type 1/2 representing dust-free/dusty 334 
surfaces, and surfaces defined by their EQ6 BBD) to other OVIRS- and OCAMS-derived spectral 335 
indices, first at the global, faceted map scale, and then at localized scales. 336 
 337 
3.2 Global correlations of OTES spectral surfaces with other spectral parameters  338 
 339 
We determined if either of these two OTES spectral indices (EQ3 SR (e.g. Type 1/2) and EQ6 340 
BBD) are correlated to any other spectral indices that have been calculated and mapped 341 
globally for Bennu.  For space weathering indices of Bennu, we used the modeled space 342 
weathering maps from OVIRS data from Trang et al. (2021).  We checked for correlations using 343 
all maps from this work: nanophase and microphase iron, troilite, and magnetite abundance.  344 
The only correlations present (r > 0.40) are for nanophase troilite, which has a moderate 345 
positive correlation with both the daytime EQ3 SR (r = 0.45 (0.07)) and the EQ6 BBD (r = -0.44 346 
(0.09)) (Fig. 7a,b). We also checked for correlations between four OCAMS-derived spectral 347 
maps of DellaGiustina et al. (2020): normal reflectance at 0.55 µm, normalized 0.85/0.55 µm 348 
visible slope proxy, normalized 0.47/0.55 µm near-UV slope proxy, and relative band strength 349 
at 0.7 µm.  The only correlations identified were for the EQ3 SR (r = -0.77 (0.02)) and EQ6 BBD (r 350 



 9 

= 0.51 (0.05)) to normalized reflectance at 0.55 µm (i.e., albedo; not shown), consistent with 351 
correlations found using the OVIRS-derived bond albedo (Fig. 3). 352 
 353 
For comparison to hydration indices we used the 2.74 µm hydration band depth map of Simon 354 
et al. (2020b) and the two hydrogen abundance maps of Praet et al. (2021).  For all three 355 
hydration indices, the EQ6 BBD is always more strongly correlated to hydration than the EQ3 SR 356 
(Fig. 7, S3).  Results are most similar for the OVIRS 2.74 band depth and the effective single-357 
particle absorption thickness (ESPAT) parameter, in which the EQ3 SR (i.e., dust) is not 358 
correlated (r < 0.30) to the hydration indices, but the EQ6 BBD is weakly (r = 0.44(0.07) & 0.47 359 
(0.08)) correlated.  However, both OTES spectral parameters are weakly correlated to the 360 
normalized optical path length (NOPL) parameter (r = -0.41 (0.01) and r = 0.48 (0.06)).  It is 361 
unclear why the NOPL parameter would show a correlation to EQ3 SR while the other two 362 
hydration indices do not, but Milliken and Mustard (2007) point out that this parameter 363 
increases exponentially with water content, while the ESPAT parameter increases only linearly. 364 
Because Bennu’s surface is dominated by carbonaceous chondrite-like materials (Hamilton et 365 
al., 2019) that have relatively high water contents  (> 5 wt. %; (Garenne et al., 2014)), the NOPL 366 
is likely a less sensitive indicator of hydration of Bennu’s surface at these elevated water 367 
contents (see Milliken and Mustard (2007) Fig. 3).  In other words, the NOPL parameter will 368 
have less variability across Bennu’s surface, which is indeed the case (note differing scales of 369 
each parameter in Fig. S3 and see also Fig. 3 of Praet et al. (2021)).  Regardless of hydration 370 
index, all results indicate that there is a weakly positive correlation between the EQ6 BBD and 371 
the apparent degree of hydration of Bennu’s surface, but little to no correlation between the 372 
EQ3 SR (dust) and hydration.  Finally, we checked for correlations of the EQ3 SR and EQ6 BBD to 373 
seven other OVIRS-derived spectral parameters (0.55 µm band, 1.05 µm band, 1.4 µm band, 1.8 374 
µm band, 2.3 µm band, spectral slope from 0.5 to 1.5 µm, and band area from 3.2 to 3.6 µm) 375 
(Kaplan et al., 2020a; Simon et al., 2020a; Simon et al., 2020b) and found a correlation (r > 0.40) 376 
for only the 1.05 µm band with the EQ6 BBD (r = 0.47 (0.06); Fig. 7).  377 
  378 
3.3 Spatial relationship and geological context of OTES spectral indices 379 
 380 
As discussed above, spectral indices mapped onto global faceted maps of Bennu may result in 381 
higher correlations than may be present (see Figs. 2,4), due to the averaging of overlapping 382 
spots that are larger than the facet size. And it is apparent from global mapping that Bennu 383 
shows thermal, morphological and spectral heterogeneity at the ~5 m scale (e.g., DellaGiustina 384 
et al., 2020; Rozitis et al., 2020; Hamilton et al., 2021; Jawin et al., 2022) and so downgrading 385 
the resolution (i.e., increasing the facet size) of the spectral maps would further obfuscate any 386 
trends. Therefore, we examined several localized areas on Bennu, to determine the spatial 387 
relationship between, and geological context of, the two OTES spectral indices (Type 1/2 388 
defined by EQ3 SR, and EQ6 BBD), focusing on the possible trends already identified at the 389 
global scale (thermal inertia, albedo, hydration, 1.05 µm band depth, troilite abundance). We 390 
examined several individual sites on Bennu but focus here on three areas that highlight the 391 
trends we observed on Bennu (Fig. 6). These areas include a highly dusty (high EQ3 SR) boulder 392 
(Roc Saxum; Fig. 8-9), a large boulder field that appears relatively dusty with low EQ6 BBD 393 
values (part of Tlanuwa Regio; Fig. 10-11), and an area with varied dust and EQ6 BBD values 394 



 10 

(centered on Bralgah crater; Fig. 12-14).  Because all three OVIRS-derived hydration indices 395 
generally show the same trends with the OTES spectral indices, for simplicity we only mapped 396 
and analyzed the 2.74 band depth at the local scale.  Likewise, we did not examine the OCAMS 397 
normalized reflectance at 0.55 µm as this parameter is a proxy for, and globally showed same 398 
trends as, OVIRS-derived bond albedo.  399 
 400 
One of the most distinct Type 2 (dusty) areas is shown in Figure 8.  It is a large (~70 m across), 401 
partially exposed boulder (Roc Saxum) that is characterized by low albedo and low thermal 402 
inertia, and as expected these two properties are strongly co-located with the highest EQ3 SR 403 
values.  Unlike the EQ3 SR which is uniformly high across the boulder, the other mapped 404 
parameters (EQ6 BBD, 1.05 and 2.74 µm band depths, and troilite abundance) vary across the 405 
boulder surface. While the daytime EQ3 OTES data (in the SR region) is dominated by the 406 
radiance of the overlying dust, we know from our previous analyses that the EQ6 BBD has little 407 
contribution from dust radiance, and therefore is likely dominated by the spectral signature of 408 
the underlying boulder material.  Further, the general trends of the EQ6 BBD, 1.05 and 2.74 µm 409 
band depths, and troilite abundance across the boulder are approximately spatially correlated – 410 
the northern part of the boulder is generally lower in EQ6 BBD and 1.05 and 2.74 µm band 411 
depths and higher in troilite abundance, compared to the southern portion of the boulder. 412 
 413 
The surface texture of the boulder itself is relatively smooth, with numerous curvilinear 414 
fractures, some of which appear to be surrounding lithologically distinct clasts indicating that 415 
the boulder is a breccia (Fig. 9a).  Some separate, small rocks appear to be lying on top of the 416 
boulder, but it is unclear whether these are clasts derived from the boulder itself, or were 417 
emplaced on the boulder due to mass movement of small rocks, as has been proposed for 418 
many of the large boulders on Bennu (Jawin et al., 2022).  The area to the south of the boulder 419 
(white box in PolyCam mosaic of Fig. 8) is also spectrally distinct from both the boulder and the 420 
surrounding terrain, and has locally high EQ6 BBD, 1.05 and 2.74 µm band depths, and a lower 421 
troilite abundance.  The EQ3 SR (dust abundance) is lower than that of the boulder but varies 422 
across the area.  The albedo and thermal inertia of this area are both higher than the nearby 423 
boulder, and the area is dominated by small, bright rocks as well as unresolved material (Fig. 424 
9b).  In summary, for this area the EQ6 BBD index is not spatially correlated to the EQ3 SR dust 425 
index, and higher EQ6 BBD values are associated with larger 1.05 µm band depths, greater 426 
hydration (we use this term here, and for the rest of the manuscript, to mean the depth of the 427 
2.74 band), and lower troilite abundance in areas dominated by smaller rocks and unresolved 428 
areas.  The EQ3 SR dust index is not as spatially correlated at this local scale to 1.05 µm band 429 
depth, hydration or troilite abundance, but high values are strongly associated with low albedo 430 
and low thermal inertia, and is associated with a single, relatively coherent but brecciated 431 
boulder. 432 
 433 
Another area characterized by a relatively higher amount of dust is a large boulder-rich region 434 
(Fig. 10).  Here the highest EQ3 SR values are coincident with the densest proportion of large 435 
boulders. Thermal inertia and albedo values are somewhat lower than the surroundings but are 436 
not uniform over the highest EQ3 SR area, likely due to a mix of boulder sizes and types.  And 437 
similar to the large boulder in Fig. 8, the dusty boulders show heterogeneity in EQ6 BBD, 1.05 438 
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and 2.74 µm band depths, and troilite abundance among them.  The relatively small size of the 439 
boulders (< 20 m across) compared to the spot sizes of OVIRS (~20 m) and OTES (~40 m) data 440 
make co-locating these spectral signatures more precisely difficult, although one localized area 441 
with a lower EQ6 BBD, 1.05 µm band depth, and hydration, and higher troilite abundance is 442 
apparent (white arrow in Fig. 10). The boulder-free region to the southwest of this area is 443 
distinctly higher in albedo, EQ6 BBD, hydration, 1.05 µm band depth, and lower in troilite 444 
abundance, compared to the boulder-rich region.   445 
 446 
Once again, areas with the highest EQ3 SR values are dominated by large boulders and rocks, 447 
many of which are obvious breccias (Fig. 11a,b), and within this boulder area is the lowest EQ6 448 
BBD region, with relatively low 1.05 µm band depth and hydration and high troilite abundance 449 
(white arrow; Fig. 10).  In contrast, the southwestern area, which is less dusty with higher EQ6 450 
BBD, larger 1.05 µm band depth, higher hydration, and lower troilite, is dominated by smaller 451 
rocks as well as some unresolved areas (Fig. 11c).  This transition in rock size between high and 452 
low EQ3 SR (dust) areas is well illustrated in Fig. 11b, which overlaps this boundary.  453 
 454 
The final region contains large contiguous areas of high and low EQ6 BBD and EQ3 SR, but again 455 
they are not spatially collocated to a high degree (Fig. 12).  While EQ6 BBD is less consistently 456 
spatially correlated with 1.05 µm band depth, hydration and troilite abundance than in the 457 
previous areas, the highest EQ6 BBD values do show relatively larger 1.05 µm band depth, 458 
moderate to high hydration and lower troilite abundance (yellow dashed area in Fig. 12).  And 459 
conversely, two areas with the lowest EQ6 BBD values display relatively smaller 1.05 µm band 460 
depth, lower hydration and higher troilite abundance (white dashed areas in Fig. 12).  And as 461 
seen elsewhere on Bennu, these three OVIRS spectral parameters are more spatially correlated 462 
to EQ6 BBD values than to EQ3 SR values. The PolyCam images over the three EQ6 BBD areas 463 
show familiar trends documented in the other areas.  The high EQ6 BBD area is dominated by 464 
small rocks and unresolved areas (Fig. 13a), while the two areas with smaller BBD values 465 
contain larger, brecciated boulders (Fig. 13b,c).   466 
  467 
One final interesting observation in this area is the presence of a large boulder in the southeast 468 
corner that has a distinctly low thermal inertia compared to other similarly-sized boulders in 469 
the region (white arrows Fig. 12).  And, as expected, this boulder is also significantly more dusty 470 
than the other boulders, further supporting the hypothesis that low thermal inertia (i.e., high 471 
porosity (Rozitis et al., 2020)) boulders are locally producing and/or trapping dust, as originally 472 
proposed by (Hamilton et al., 2021) and quantitatively confirmed (Fig. 3) in this study.  473 
Comparing to the other boulders in the area, there are no other spectral parameters that make 474 
this boulder unique – it is only the dust signature and OTES thermal inertia.  In particular, apart 475 
from these two properties, it looks spectrally similar to the boulder directly to the west (similar 476 
albedo, EQ6 BBD, 1.05 and 2.74 µm band depths, troilite abundance).  Looking at these two 477 
boulders with PolyCam imagery (Fig. 13, 14) both boulders appear to be brecciated with 478 
embedded clasts, although the low thermal inertia boulder has obvious layering with one large, 479 
2 meter-wide highly clastic layer (Fig. 14). But, the presence of layering does always result in 480 
low thermal inertia and dust, as the northern most boulder also has layering but higher thermal 481 
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inertia with lower dust (Fig. 12, 13c).  Therefore, whatever is causing the unusually high 482 
porosity, and thus dust cover, in some boulders on Bennu is not clear from our analysis here. 483 
 484 

4. Discussion 485 
 486 
4.1 Relationships of spectral parameters 487 
 488 
Our results quantitatively confirm the hypothesis of Hamilton et al. (2021) that high EQ3 SR 489 
values, which are indicative of thin and/or patchy dust cover on Bennu, are correlated with low 490 
thermal inertia, low albedo surfaces.  Global correlation tests using values mapped onto a 50k 491 
faceted shape model of Bennu show a strong correlation of EQ3 SR to OTES-derived thermal 492 
inertia (r = -0.63 (0.02)) and OVIRS-derived albedo (r = -0.65 (0.04)) (Fig. 3).  These correlations 493 
are evident at local scales as well - in all three examined areas high EQ3 SR values are strongly 494 
spatially correlated to low thermal inertia, low albedo surfaces (Figs. 8, 10, 12).  Further, all 495 
these areas are dominated by easily resolvable boulders that are brecciated with embedded 496 
clasts (Figs. 9a, 11b,11c, 14b, 14c).  Layering is evident in some of these low thermal inertia 497 
boulders (Fig. 14b,c), although visible layers within the boulder does guarantee that the boulder 498 
has a strong dust (high EQ3 SR) signal (Fig. 13c). The strong association of dust with high 499 
porosity, brecciated rocks strongly suggests that the high porosity of the boulders is a key factor 500 
in the local production of the dust or its entrapment. This requirement of a relatively high 501 
porosity is especially illustrated by the region in Figure 12, where the only boulder with 502 
measurable dust cover has a significantly lower thermal inertia (i.e., high porosity).   503 
 504 
Conversely, lower dust (low EQ3 SR) areas with higher albedo and thermal inertia are 505 
consistently dominated by smaller rocks and unresolved areas (Figs. 9b, 11b, 11c, 13a).  The 506 
tendency of smaller rocks to have higher thermal inertia (i.e., lower porosity) was also noted by 507 
Cambioni et al. (2021).  That study found an inverse correlation between porosity and the local 508 
abundance of sub-centimeter rocks and proposed that lower porosity boulders were much 509 
more efficient at breaking down into smaller rocks and regolith through impact and thermal 510 
fatigue.  In contrast, high porosity boulders were less likely to be broken up into small rocks by 511 
thermal fatigue or impact, and were more likely to be compressed in situ, rather than 512 
fragmented.  This reinforces the finding that porosity is key to dust production – lower porosity 513 
rocks (which are also more efficiently broken into smaller sizes) have less evidence of dust (i.e., 514 
have lower EQ3 SR values). It is only the larger, higher porosity boulders (that can remain large 515 
in size due to their higher porosity) that are locally producing and/or retaining the dust.  516 
Perhaps the same process that is compressing high porosity boulders in situ is producing or 517 
trapping the dust. Alternatively, Jawin et al. (2022) proposed that dust is entrapped on dusty 518 
boulders during mass movement and boulder excavation, but if this is true, boulder porosity 519 
still appears to be a key factor in trapping the dust. The original source of the high porosity 520 
within large boulders on Bennu is even more speculative, but it is likely a pre-Bennu signature 521 
(i.e., original accretionary porosity, or related to activity on Bennu’s parent body or formed 522 
during its disruption), as such brecciated and layered textures could not be formed on relatively 523 
quiescent, present-day Bennu.  524 
 525 
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The other OTES spectral index examined in this work, EQ6 BBD, does not have a correlation to 526 
OTES-derived thermal inertia (r = 0.17 (0.05)), but is correlated to OVIRS-derived albedo (r = 527 
0.59 (0.06)).  And although global, faceted map-based analysis suggests a correlation of EQ6 528 
BBD to dust presence (EQ3 SR; r = -0.54 (0.05); Fig. 5), this correlation is revealed to be rather 529 
weak when examining localized areas on Bennu (Figs. 6, 8, 10, 12). Specifically, we document 530 
several areas where large, dusty boulders have either a varied EQ6 BBD signature across it (Fig. 531 
8) or among the boulders themselves (Fig. 10).  And in the last area, two boulders with similar 532 
EQ6 BBD values have markedly different amounts of dust (EQ3 SR values; Fig. 12).  Further, our 533 
analysis revealed there is no significant dust radiance contributing to the EQ6 BBD spectral 534 
index.  535 
 536 
When comparing the EQ3 SR and EQ6 BBD to various OCAMS- and OVIRS-derived spectral 537 
indices at the global scale, we find weak to moderate correlations of EQ6 BBD to the 1.05 µm 538 
band depth (Simon et al., 2020a), hydration indices (2.74 µm band depth, NOPL, ESPAT (Kaplan 539 
et al., 2020a; Praet et al., 2021)) and one space weathering spectral index, nanophase troilite 540 
abundance (Trang et al., 2021) (Fig. 7, S3).  While the EQ3 SR is also weakly correlated to 541 
nanophase troilite and NOPL, the EQ6 BBD has a higher correlation value, including error, to 542 
both indices (Fig. 7, S3).  On a localized scale, the different relationships of these indices 543 
become clearer.  In the three regions examined, EQ6 BBD has a much stronger spatial 544 
correlation to 1.05 µm band depth, hydration (2.74 µm band depth) and troilite abundance 545 
compared to the EQ3 SR (Figs. 8, 10, 12).  Specifically, areas with the lowest EQ6 BBD values 546 
have consistently smaller 1.05 µm band depths and are relatively lower in hydration and higher 547 
in troilite abundance.  Conversely, areas with the highest EQ6 BBD values have relatively larger 548 
1.05 µm band depths with a stronger hydration signature and lower troilite abundance.  549 
Further, we find the 1.05 µm band depth is globally correlated to both the 2.74 µm band depth 550 
(r = 0.48 (0.02); not shown – all further correlation values are not plotted but values are listed 551 
in Table S2) and troilite abundance (r = -0.50 (0.10)).  Troilite abundance and 2.74 µm band 552 
depth are not correlated at the global, faceted-map scale (r = -0.37 (0.10)), however. We note 553 
that the correlations of the EQ6 BBD to various OVIRS-derived spectral parameters further 554 
supports that the BBD is largely indicative of lithologic (compositional) variation, and not due to 555 
particle size, surface roughness or texture effects.  556 
 557 
In summary, while not a consistent global trend, for the localized regions examined here, areas 558 
with low BBD values on Bennu are associated with decreased hydration, smaller 1.05 µm band 559 
depths, increased nanophase troilite abundance, and low albedo.. 560 
 561 
4.2 Space weathering or mild heating on Bennu 562 
 563 
The trend of decreased hydration, EQ6 BBD, and albedo with increased troilite abundance on 564 
Bennu could be indicative of either space weathering or mild heating.  Laboratory experiments 565 
and spacecraft observations consistently show that both a decrease in hydration and increase 566 
in sulfide abundance (including troilite) occur in the course of space weathering of 567 
carbonaceous chondrite meteorites and asteroids (Matsuoka et al., 2015; Thompson et al., 568 
2019; Matsuoka et al., 2020; Thompson et al., 2020; Trang et al., 2021; Noguchi et al., 2022). 569 
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Multiple laboratory experiments also exhibit visible to near-infrared (0.5 – 2.5 µm) spectral 570 
darkening (i.e., decrease in albedo) with space weathering of carbonaceous chondrites and 571 
phyllosilicates (the dominant mineral in hydrated carbonaceous chondrites) (Matsuoka et al., 572 
2015; Matsuoka et al., 2020; Thompson et al., 2020; Prince and Loeffler, 2022; Zhang et al., 573 
2022). Likewise, multiple studies of heated carbonaceous chondrite material show that mild 574 
heating results not only in dehydration but also in sulfide formation, including troilite (Tonui et 575 
al., 2014; Lindgren et al., 2020; King et al., 2021) and decreased reflectance (visible albedo) 576 
(Cloutis et al., 2012; Lindgren et al., 2020; Matsuoka et al., 2022). Mild heating in this case 577 

refers to temperatures below the ~600C threshold at which point phyllosilicates have 578 
completely broken down and the 3-micron band is no longer detectable (Mogi et al., 2017; 579 
Nakamura et al., 2017; King et al., 2021; Matsuoka et al., 2022). Globally on Bennu there is a 580 
strong correlation of both lower hydration (OVIRS 2.74 µm band depth r = 0.60 (0.07)) and 581 
higher troilite abundance (r = -0.61 (0.05)) with lower albedo.  Therefore, the correlation of 582 
OVIRS spectral indices in regard to hydration, albedo, and troilite abundance are consistent 583 
with space weathering or mild heating of carbonaceous chondrite material on Bennu. 584 
 585 
Fewer studies have examined the effect of space weathering or mild heating in the mid- to far-586 
infrared wavelength range covered by OTES.  The single study on space weathering of 587 
carbonaceous chondrites that included the silicate bending wavelength region indicates that 588 
space weathering decreases the BBD relative to the Si-O stretching band depth in CM-type 589 
carbonaceous chondrites (Brunetto et al., 2020) (Fig. 15).  For CI Alais, the relative band depths 590 
of the silicate stretching and bending bands remained unchanged, and for ungrouped C2 Tagish 591 
Lake the BBD increased relative to the silicate stretching band depth after irradiation (Fig. 15).  592 
These differences in irradiation response in the BBD could be related to phyllosilicate 593 
compositional differences as this band is a combination of three overlapping bands – the Si-O 594 
bending band, the Mg-O-Si deformation band, and the Fe-O-Si deformation band – that arise 595 
from the phyllosilicates that are volumetrically dominant in hydrated carbonaceous chondrites 596 
(Hanna et al., 2020 and references therein). CMs have a distinctly different phyllosilicate 597 
chemistry compared to CIs and C2 Tagish Lake, with significantly higher proportions of Fe 598 
(Zolensky et al., 1993; Zolensky et al., 2002).  Therefore, the decreased BBD in space-weathered 599 
CM chondrites could be related to the destruction of Fe-bearing phyllosilicates. 600 
 601 
Studies of the spectral effects in the mid- to far-infrared wavelength range of mildly heated 602 
carbonaceous chondrites have also been limited.  One study of experimental heating of the 603 

highly altered CM 2.1 ALH 831000 for 24 hours in vacuum at 400C found no changes to the 604 
location of the Si-O bending band minimum with heating (Lindgren et al., 2020).  However, 605 
upon revisiting the data we find that the Si-O bending band, which is unchanged in position, 606 
does decrease in depth with heating (the Si-O stretching band depth remains constant), and is 607 
even more strongly shallowed when heated for a longer time period (Fig. 16). We hypothesize 608 
that the shallowing of the Si-O bending band reflects the modification and weakening of the 609 
Mg-O-Si and/or Fe-O-Si deformation bands as mild heating amorphizes (i.e., breaks crystalline 610 
bonds) the Mg- and Fe-bearing phyllosilicate, as has been documented to occur via X-ray 611 
diffraction (XRD) and thermogravimetric analysis (TGA) of mildly experimentally and naturally 612 
heated carbonaceous chondrites (e.g., Tonui et al., 2014; King et al., 2015; Lindgren et al., 2020; 613 
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Matsuoka et al., 2022). Further, multiple studies have demonstrated that Fe-bearing hydrated 614 
phases within carbonaceous chondrites decompose at lower temperatures than Mg-bearing 615 
phyllosilicates (Caillere and Henin, 1957; King et al., 2015; Mogi et al., 2017; Nakamura et al., 616 
2017; Matsuoka et al., 2022).  Therefore, both experimental heating and space weathering 617 
studies of CM chondrites support a decreased BBD due to the breakdown of Fe-bearing 618 
phyllosilicates.   619 
 620 
Simon et al. (2020a) attributed the weak 1.05 µm band on Bennu to Fe-bearing phyllosilicate 621 
and/or goethite (iron hydroxide) although its lack of correlation to the 0.55 µm OVIRS band 622 
depth (r = -0.17 (0.01)) argues against the latter (Simon et al., 2020a). If it does represent Fe-623 
bearing phyllosilicate, then its correlation to the other spectral parameters (EQ6 BBD, 624 
hydration, troilite abundance, albedo) provides further support for the breakdown of Fe-625 
bearing phyllosilicates on Bennu.  However, most spectral studies of carbonaceous chondrites 626 
place the Fe-bearing phyllosilicate spectral band at 1.1 µm (in contrast to 1.05 µm which is 627 
closer to the spectral band position of Fe-bearing olivine) (Hiroi et al., 1996; Cloutis et al., 2012; 628 
Matsuoka et al., 2020).  Further, several studies document depth reduction of this band upon 629 

mild heating (<600C) (Hiroi et al., 1996; their Fig. 1; Cloutis et al., 2012) and space weathering 630 
(Matsuoka et al., 2020).  Therefore, it is likely that the 1.05 µm band mapped by OVIRS is an Fe-631 
bearing phyllosilicate band as suggested by Simon et al. (2020a), but may be better 632 
characterized by a spectral index centered near 1.1 µm, which the crystal field absorption band 633 
for octahedrally-coordinated Fe2+ (e.g., Cloutis et al., 2011b).  The other spectral band 634 
commonly associated of Fe-bearing phyllosilicate in carbonaceous chondrites is the Fe3+/ Fe2+ 635 
charge transfer band at 0.7 µm (e.g., Cloutis et al., 2011a; Cloutis et al., 2011b; Cloutis et al., 636 
2012), but there was only limited evidence of this band in OVIRS spectra (Simon et al., 2020a) 637 
although OCAMS spectral mapping suggested its presence in some low albedo boulders 638 
(DellaGiustina et al., 2020).  There was no correlation of the EQ6 BBD to the 0.7 µm band map 639 
from OCAMS data (r = -0.19 (0.03)).  The relative depths of the 0.7 µm and 1.1 µm bands are 640 
related to the chemistry of the phyllosilicate, specifically the Fe3+/ Fe2+ ratio, as well as the 641 
cronstedtite abundance in CMs (Cloutis et al., 2011b), and so this may explain the differences 642 
between the 0.7 µm and 1.1 µm band detections on Bennu. 643 
 644 
In summary, a shallowing of the EQ6 BBD combined with smaller 1.05 µm band depths, 645 
decreased hydration, increased troilite abundance, and lower albedo is most consistent with 646 

either space weathering and/or mild (<600C) heating of phyllosilicates, likely Fe-bearing, 647 
within carbonaceous-type material on Bennu. 648 
 649 
4.3 Relationships with geomorphology and surface ages 650 
 651 
Several studies have pointed out that space weathering of phyllosilicates is analogous to mild 652 
heating of these minerals, and therefore results in similar effects (amorphization, 653 
dehydroxylation , etc.) (Thompson et al., 2019; Matsuoka et al., 2020; Thompson et al., 2020; 654 
Noguchi et al., 2022; Zhang et al., 2022).  Specifically, for carbonaceous asteroid Ryugu, it has 655 
been argued that dehydration via space weathering is responsible for the weakened 2.7 µm 656 
feature on its surface (Noguchi et al., 2022).  Therefore, it may be difficult to distinguish which 657 
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process is responsible for the spectral trends we see on Bennu.  If not caused by space 658 
weathering, mild heating detected on Bennu’s surface could result from solar radiative heating 659 
or could have occurred on Bennu’s parent body (i.e., from impacts or decay of radiogenic 660 
isotopes). Solar radiative heating is similar to space weathering in that it is dependent on the 661 
surface exposure age of the material, while mildly heated lithologies derived from Bennu’s 662 
parent body would be more randomly distributed due to the chaotic disruption and random 663 
reaccumulation of fragments that formed the rubble pile (Michel et al., 2020). 664 
 665 
In terms of geomorphology, we note that unlike the dust index (EQ3 SR) which is strongly 666 
correlated to brecciated, low albedo, low thermal inertia boulders (Fig. 3, 8, 10,12), variation in 667 
EQ6 BBD is less correlated to a particular type of terrain.  We see a large boulder with a varied 668 
EQ6 BBD (in addition to varied 1.05 µm and 2.74 µm band depths and troilite abundance) 669 
across it (Fig. 8), as well as some variation in these values between different boulders in the 670 
other two areas (Fig. 10, 12). However, consistently in all three areas, the highest EQ6 BBD 671 
values (with larger 1.05 µm band depth, higher hydration and albedo, and lower troilite 672 
abundance) are always associated with the smallest rocks and unresolved areas (Fig. 8,10,12).  673 
If we interpret the EQ6 BBD spectral index as evidence of space weathering or solar radiative 674 
heating, this suggests these areas, dominated by small rocks and unresolved areas, are more 675 
freshly exposed material on Bennu.  Larger, resolvable boulders would have a more varied 676 
surface exposure history in this view.   677 
 678 
This interpretation is consistent with other studies of Bennu that suggest that smaller rocks and 679 
unresolved fines are younger (in regard to total surface exposure) than large boulders.  In the 680 
Cambioni et al. (2021) model, high porosity boulders would have longer sustained surface 681 
exposure than the lower porosity rocks that are more readily broken up by impact to create 682 
fresh, overturned regolith.  Other studies suggest that mass movement is preferentially moving 683 
and removing smaller rocks and grains to bury and/or expose large boulders (several meters in 684 
size), implying that areas that do contain smaller rocks are relatively younger (in regards to 685 
accumulated surface exposure) than the boulder-rich areas (Jawin et al., 2020; Jawin et al., 686 
2022).  In support of this, Ballouz et al. (2020) estimates the exposure history of meter-sized 687 

boulders to be 1.75  0.75 Myr, which is much longer than the estimate of mass movement 688 

ages on Bennu ( 500 kyr; (Jawin et al., 2020; Jawin et al., 2022)).  Therefore, if areas 689 
dominated by small rocks and unresolved areas on Bennu do have a shorter exposure history, 690 
and because these areas are also more highly hydrated with higher EQ6 BBD values, 1.05 µm 691 
band depths, albedo, and lower troilite abundance, this argues for either space weathering or 692 
solar radiative heating as the cause of the spectral trends we see.   693 
 694 

DellaGiustina et al. (2020) identified small ( 25 m) craters with the reddest slopes (defined by 695 
the OCAMS-derived b′ to x spectral slope) that they interpreted as the most freshly exposed, 696 
least space weathered material on Bennu.  While individual craters are too small to be detected 697 
in the OTES data (40 m spot size), the distribution of these younger, redder craters on the EQ6 698 
BBD map (Fig. 17) does show that in the three local regions examined (Figs. 8, 10, 12), redder 699 
craters are identified in the areas where EQ6 BBD, and hydration, is highest.  Further, while not 700 
a perfect spatial correlation, young, redder craters are mostly absent from the areas of lowest 701 
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EQ6 BBD and tend to be located in areas with moderately to high EQ6 BBD.  One exception to 702 
this trend is the boulder rich area of Figure 10, where some redder craters also overlie the 703 
lower EQ6 BBD areas.  As discussed above, the relatively small size of the boulders (< 20 m 704 
across) with variable spectral signatures, compared to the spot sizes of OTES (~40 m), might be 705 
masking the actual variability in EQ6 BBD in this area.  Regardless, the general association of the 706 
highest EQ6 BBD values (i.e., highest hydration, largest 1.05 µm band depths, and lowest troilite 707 
abundance) with the youngest, freshest craters on Bennu further confirms that the dehydration 708 
spectral signature evident within the EQ6 BBD is related to surface exposure age, and therefore 709 
represents either space weathering or solar radiative heating, and not a heating signature 710 
inherited from Bennu’s parent body. 711 
 712 
4.4 Different space weathering processes on Bennu 713 
 714 
Although there is a spatial correlation between high EQ6 BBD values and the reddest (i.e., least 715 
space-weathered) craters on Bennu (DellaGiustina et al., 2020), there is not a clear correlation 716 
of the EQ6 BBD to other space weathering spectral parameters.  MapCam data suggest that 717 
space weathering effects in the ultraviolet (UV) to near-infrared (NIR) are evident across 718 
Bennu’s surface (DellaGiustina et al., 2020).  We found no correlation of EQ6 BBD with OCAMS-719 
derived spectral slope maps that may be indicative of space weathering (normalized 0.85/0.55 720 
µm visible slope proxy (r = -0.24 (0.05)) or normalized 0.47/0.55 µm near-UV slope proxy (r = 721 
0.04 (0.02)). Further, we found no correlation of EQ6 BBD with the modeled magnetite 722 
abundance maps of (Trang et al., 2021), which are also interpreted to represent a space 723 
weathering process.  In addition, there is an apparent contradiction in regard to albedo, where 724 
small red craters mapped by DellaGiustina et al. (2020) are lower in albedo than their 725 
surroundings, implying that Bennu’s surface brightens with space weathering.  In contrast, we 726 
document here a decrease in albedo correlated to decreased hydration, 1.05 µm band depth, 727 
BBD values, and increased troilite, implying that Bennu’s surface albedo darkens with space 728 
weathering (or mild heating).  However, Bennu’s equatorial bulge, which is interpreted to be 729 
the oldest features on Bennu, has a relatively dark albedo, presumably also due to space 730 
weathering (Clark et al., 2023).  731 
 732 
This apparent contradiction regarding albedo trends on Bennu was attributed by Clark et al. 733 
(2023) to different timescales of space weathering processes.  They conclude that ‘intermediate 734 
age’ surfaces where the reddest craters are located on Bennu are brighter (and bluer) due to 735 
space weathering and thus the fresh red craters are darker compared to their surroundings. 736 
They also conclude that the very oldest region on Bennu – the equatorial region – is darkest 737 
(and reddest), also due to space weathering, but on a longer time scale.  This interpretation is 738 
consistent with the relative timescales of different space weathering processes.  DellaGiustina 739 
et al. (2020) and Jawin et al. (2022) date the reddest craters as produced within the last ~5 x 106 740 
years. Timescales of solar wind implantation are estimated to be 104-106 years (Vernazza et al., 741 
2009; Brunetto et al., 2020), and so it is plausible that these craters were formed in a surface 742 
that has evidence of solar wind implantation (in regards to visible albedo and slope).  Further, 743 
solar wind implantation is the only space weathering process that has shown to increase albedo 744 
on carbonaceous chondrites in the lab (Clark et al., 2023). 745 
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 746 
The timescale for micrometeorite (dust) bombardment to optically modify chondrite surfaces 747 
has been estimated to be longer, 106- 108 years  (Sasaki et al., 2001; Matsuoka et al., 2015) and 748 
therefore micrometeorite bombardment works to overcome the effects of solar wind 749 
implantation (Matsuoka et al., 2015). In addition, micrometeorite bombardment (as well as 750 
mild heating; see above) has been shown to consistently lower the albedo of carbonaceous 751 
chondrites in the lab (Clark et al., 2023). To summarize, assuming a similar starting composition, 752 
freshly exposed surfaces on Bennu first brighten in albedo in response to solar wind 753 
implantation, and then darken as micrometeorite bombardment (or solar radiative heating) 754 
(Clark et al., 2023) becomes the dominant space weathering (surface alteration) process 755 
(Matsuoka et al., 2015). 756 
 757 
Our observations of decreased BBD with decreased albedo in addition to decreased 2.74 µm 758 
and 1.05 µm band depths and increased troilite abundance likely reflect these longer exposure 759 
timescales due to micrometeorite bombardment or alternatively, to mild heating via solar 760 
radiation. The fact that the red craters are located primarily in the higher BBD areas support 761 
that this material is relatively younger than the lower BBD areas – this is the ‘intermediate’ age 762 
material of Clark et al. (2023), and craters into this material are visibly darker. Again, we 763 
hypothesize that the relatively younger age of this higher BBD material is due to more efficient 764 
particle overturn in these areas, due to impact into lower porosity material (Cambioni et al., 765 
2022) or mass wasting processes (Jawin et al. 2020; 2022).  766 
 767 
The lowest BBD values could therefore record the longest-term surface exposure of materials 768 
on Bennu. While the equatorial bulge (mapped from (Jawin et al., 2022)) is not uniformly lowest 769 
in BBD, the distribution of lowest BBD values is highly spatially consistent with the lowest OLA-770 
derived normal albedo at 1064 nm (Clark et al., 2023), especially within and near the equatorial 771 
bulge (Fig. 17).  Clark et al. (2023) interpreted the darkest OLA-derived normal albedo values in 772 
the equatorial region to be indicative of longer exposure to space weathering, and our data 773 
supports that interpretation.  As discussed previously, most of these oldest exposed surfaces 774 
are boulder faces or boulder-rich regions (Figs. 8,10, 12), which is consistent with the relatively 775 

old cratering age derived for exposed boulders (1.75  0.75 Myr; (Ballouz et al., 2020)). 776 
However, not all boulders have the lowest BBD values (Figs. 10, 12).  This could be due to either 777 
lithologic (compositional) variation among different boulder types that result in different 778 
responses to space weathering (DellaGiustina et al., 2020; Clark et al., 2023), the varied 779 
exposure history of individual boulders related to burial, excavation, or mass movement (Jawin 780 
et al. 2020; 2022), or a combination of these two scenarios.   781 
 782 
Finally, we note that some of the oldest exposures of material on Bennu as revealed by the EQ6 783 
BBD fall within the Rugged Unit of Jawin et al. (2022), which they interpreted to have been 784 
resurfaced within the past 500,000 years (Fig. 17).  However, these areas could have still 785 
experienced mass movement while retaining the relatively old exposure histories of larger 786 
rocks and boulders.  For example, Roc Saxum is mapped as part of this younger Rugged Unit 787 
(Jawin et al., 2022) but Jawin et al. (2020) mapped the movement of small rocks northward 788 
across Roc Saxum (see their Fig. 1a), resulting in its partial burial proceeding from the south.  789 
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And there is increased hydration, EQ6 BBD values, 1.05 µm band depths, and albedo, and lower 790 
troilite abundance on the southern edge of the boulder (Fig. 8), consistent with this 791 
interpretation of fresher material burying a relatively older (longer surface exposure) boulder.  792 
Therefore, although there may not be clear and widespread mass movement indicators in the 793 
Smooth Unit, which Jawin et al. (2022) interpreted as not being significantly resurfaced in the 794 
past 2 million years, smaller particles and rocks in this unit may still be experiencing some 795 
movement and overturn, exposing relatively fresher material with correspondingly larger BBD, 796 
increased hydration, larger 1.05 µm band depth, higher albedo, and lower troilite abundance.   797 
 798 
 799 
4.5 Micrometeorite bombardment or solar radiative heating? 800 
  801 
As discussed above, the long exposure ages and lower albedo of the lowest BBD areas are more 802 
consistent with micrometeorite bombardment compared to solar wind implantation (Clark et 803 
al., 2023).  Therefore, if variation in EQ6 BBD is caused by space weathering, we favor 804 
micrometeorite bombardment as the primary process responsible for the correlated spectral 805 
changes that we document here.  However, these spectral observations are also consistent with 806 
mild heating of carbonaceous chondrites, and the relation of the BBD to surface exposure age 807 
suggests solar radiative heating as a possible cause. 808 
 809 
The exact temperature at which dehydroxylation and dehydration occur within phyllosilicate 810 
depends on chemistry, physical structure (bulk or particulate), and timescale of heating, but 811 
most studies converge on a lower threshold of about 300 °C (573 K), with the breakdown of Fe-812 
bearing phyllosilicate occurring at lower temperature (e.g., Caillere and Henin, 1957; 813 
Nakamura, 2005; Lindgren et al., 2020; King et al., 2021; Velbel and Zolensky, 2021; Matsuoka 814 
et al., 2022). However, recent experimental heating of CM Murchison showed that spectral 815 
changes occur after heating to 200 °C for 111 days, including darkening and a loss of the 0.7 µm 816 
band, which could indicate modification of Fe-bearing phyllosilicate (Sidhu et al., 2023).  817 
Therefore, perhaps sustained temperatures below 300 °C could result in 818 
dehydroxylation/dehydration of Fe-bearing phyllosilicates. 819 
 820 
The current maximum temperature of Bennu’s surface is ~97 °C  (370K) (Rozitis et al., 2020) and 821 
therefore seems insufficient to cause phyllosilicate dehydroxylation. And while there is 822 
evidence for thermally-induced exfoliation, cracking, and fracturing of boulders on Bennu, this 823 
is driven by mechanical stresses due to diurnal temperature changes that are occurring at or 824 
below the current surface temperatures on Bennu (Molaro et al., 2020a; Molaro et al., 2020b; 825 
Delbo et al., 2022).  However, as noted by previous studies, there does seem to be a 826 
temperature correlation to the hydration state of Bennu’s surface (Simon et al., 2020a; Simon 827 
et al., 2020b).  These studies also documented a strong correlation of surface temperature to 828 
albedo and 1.05 µm band depth (both r = -0.65) (Simon et al., 2020a; Simon et al., 2020b).  829 
Similarly, we find a correlation of EQ6 BBD (r = -0.53 (0.08)) to EQ3 (12:30 pm LST) surface 830 
temperature (Rozitis et al., 2020), but modeled nanophase troilite abundance of Trang et al. 831 
(2021) is uncorrelated to temperature (r = 0.38 (0.14)).  If the current surface temperatures are 832 
too low to dehydroxylate phyllosilicates, is this a record of higher temperatures in the past?  833 
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Based on dynamical and thermal modeling Delbo and Michel (2011) calculated a <25% 834 

probability that 50% of Bennu’s surface was heated to  573 K (300 °C) and a ~50% probability 835 
that it was heated to 500 K (227 °C).  The cumulative time that the surface was exposed to each 836 
of these temperatures based on their model was ~0.75 Myr and ~1 Myr, respectively, which is 837 

consistent with the latest estimate of Bennu’s lifetime in near Earth space 1.75  0.75 Myr 838 
(Ballouz et al., 2020).   839 
 840 
There are other OSIRIS-REx results that indicate heating could have modified Bennu’s surface 841 
materials. First, a study of the OVIRS-derived H content for Bennu’s surface found it to be most 842 
consistent with naturally heated CMs (and C2 Tagish Lake) (Praet et al., 2021). Second, there is 843 
lack of a detectable Mg-OH band near 15.5 µm (625 cm-1) in all Bennu OTES EQ3 and EQ6 844 
spectra.  This band is a prominent spectral feature in all CM chondrite TIR spectra (Hanna et al., 845 
2020) and has been shown to weaken and eventually disappear with heating (Fig. 19) (Hanna et 846 
al., 2020; Lindgren et al., 2020).  The 15.5 µm Mg-OH band has been detected in particulates 847 
covering the OTES optics after the TAG sampling event (Lauretta et al., 2022), and could 848 
represent material, perhaps excavated from depth, that experienced less heating (or less space 849 
weathering (Lauretta et al., 2022; Praet et al., 2022)). However, it could also represent material 850 
with a different phyllosilicate chemistry than the material that dominates Bennu’s surface, as it 851 
appears to have a different CF location, Si-O stretching band minimum and shape, and low 852 
wavenumber emissivity maximum ((Lauretta et al., 2022) their Fig. 6).  Hamilton et al. (2022) 853 
also noted the different Si-O stretching band shape, suggesting that a CR1 (GRO 95577) may be 854 
a better spectral match to Bennu. Therefore, the particulates on the OTES optics, and by 855 
extension perhaps also the returned sample, may represent either a less heated or space 856 
weathered material, or a material with a different composition, than that of other Bennu 857 
surfaces.   858 
 859 
In summary, our global and local analyses suggest that the OTES EQ6 BBD spectral index is an 860 
indicator of modification of phyllosilicate, likely Fe-bearing, caused by either space weathering 861 
(likely micrometeorite bombardment) or mild heating from solar radiation on Bennu’s surface.  862 
It appears to be an indicator of surface exposure age of material on Bennu, whereby the lowest 863 
BBD values reflect the longest-term exposure, and the highest BBD values are associated with 864 
material that has been more recently exposed due to movement or overturn from impact or 865 
mass wasting processes.  The BBDis correlated to OVIRS indices that indicate hydration level 866 
(2.74 µm band depth, NOPL, ESPAT (Kaplan et al., 2020a; Praet et al., 2021)), Fe-phyllosilicate 867 
abundance (1.05 µm band depth (Simon et al., 2020a)), nanophase troilite abundance (Trang et 868 
al., 2021), and albedo (Li et al., 2021) on both global and localized scales, although the global 869 
correlation of these indices is not strong in all cases likely due to: 1) the difference in spot size 870 
between the OTES (~ 40 m) and OVIRS (~20 m) instruments and 2) spatial variation in degree of 871 
heating/space weathering that is below the size of the OTES spot size.  Finally, we note that this 872 
mild heating or space weathering process is also likely modifying the silicate stretching region 873 
as laboratory studies suggest (Brunetto et al., 2020; Lindgren et al., 2020) and requires future 874 
investigation. 875 
 876 
4.6 Predictions for the returned sample  877 
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 878 
The TAG sampling site is located in an area of moderate EQ6 BBD values within a young, red 879 
crater named Hokioi (Fig. 17) and OCAMS data indicate the sampling site surface is relatively 880 
less space weathered and more freshly exposed compared to the rest of Bennu’s surface, even 881 
before sampling (DellaGiustina et al., 2020; Lauretta et al., 2022).  This, in addition to the fact 882 
that TAGSAM likely collected material below the surface, suggests most of the returned 883 
material may show minimal signs of space weathering or solar radiative heating.  For any grains 884 
that may be space weathered or mildly heated we would expect, based on our results, that 885 
these would be characterized by a decreased 2.7 µm band depth, a decreased 1.05 (or 1.10) µm 886 
band depth, a decreased Si-O bending band (22.7 µm) depth, and increased sulfide (possibly 887 
troilite) abundance.  These grains would also likely have chemical and textural evidence of 888 
dehydration/dehydroxylation including a lower H content and amorphous or poorly crystalline 889 
phyllosilicates.  All of these space weathering indicators may be limited to the outer layer of the 890 
grain, similar to what has been seen for space weathered Ryugu grains (Noguchi et al., 2022) 891 
and experimentally irradiated carbonaceous grains (Matsuoka et al., 2015; Matsuoka et al., 892 
2020; Laczniak et al., 2021).  We further hypothesize that solar radiative heating may not cause 893 
the vesiculated textures and splash melt products typically associated with space weathered 894 
grains (Matsuoka et al., 2015; Matsuoka et al., 2020; Laczniak et al., 2021) as these have not 895 
been reported in mildly heated carbonaceous chondrites. Therefore, analysis of these grains in 896 
the returned sample will hopefully inform on the process responsible for phyllosilicate 897 
modification on Bennu’s surface. 898 
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Figure 1. OTES EQ3 Types 1 and 2 defined by the silicate stretching ratio (SR) (Hamilton et al. 1321 
2021). Standard errors are shown as vertical lines and are on the scale of the line width in many 1322 
cases. Type 2 spectrum is interpreted to have a higher component of optically thin or patchy 1323 
dust, with a higher SR as well as a shallower silicate bending band depth (BBD).  Grey boxes 1324 
show wavelength areas used to define SR and BBD indices. 1325 

 1326 
Figure 2. Si-O stretching ratios (SRs) plotted against the 440 cm-1 band depth (BBD).  EQ3 (12:30 1327 
pm) data on left (A,C) and EQ6 (8:40 pm) data on right (B,D).  A and B are scatter plots of 1328 
individual spectra (A: n = 2558; B: n=2788) and C and D are density plots (warmer colors 1329 
represent denser data) of weighted averaged values combined on a per-facet basis on a 50K 1330 
shape model of Bennu (n = 49,152). During the day, the SR is correlated to the BBD but this 1331 
correlation disappears at night as the relative radiation from thin and/or patchy dust on Bennu 1332 
is minimized. 1333 
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 1334 
Figure 3. (A-D) Density plots of the SR from EQ3 (12:30 pm; A,C) and EQ6 (8:40 pm; B,D) plotted 1335 
with OVIRS bond albedo (A,B), OTES thermal inertia (C,D).  (E-H) Density plots of BBD from EQ3 1336 
(12:30 pm; E,G) and EQ6 (8:40 pm; F,H) plotted with OVIRS bond albedo (E,F) and OTES thermal 1337 
inertia (G,H). Horizontal lines in the OTES thermal inertia density plots are an artifact of the 1338 
dataset resolution. The SR is strongly correlated to Bennu’s albedo and thermal inertia but 1339 
correlations disappear at night when the radiance of dust is minimal.  The BBD is strongly 1340 
correlated to Bennu’s daytime albedo and moderately correlated to daytime thermal inertia.  1341 
At night, the correlation of the BBD with thermal inertia is gone, but correlation to albedo 1342 
remains. 1343 
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 1344 
Figure 4. (A,B) Density plot of Si-O bending band depth (BBD) and stretching band depth (SBD) 1345 
from EQ3 (12:30 pm; A) and EQ6 (8:40 pm; B).  Daytime band depths are strongly correlated 1346 
due to the radiance of dust which decreases both band depths in tandem.  The moderate 1347 
nighttime band depth correlation (B) suggests dust radiance, or particle size or roughness 1348 
variations may be an influence at night.  However, for individual OTES spectra, the Si-O 1349 
stretching and bending band depths are only correlated during the day (C), due to the dust 1350 
radiance. 1351 

 1352 
Figure 5. (A) Low and high dust spectral types of Hamilton et al. 2001 defined by the average of 1353 
the 100 EQ3 (12:30 pm) spectra having the highest and lowest Si-O stretching ratios, 1354 
respectively, plotted with the averages of the 300 EQ6 (8:40 pm) spectra having the largest and 1355 
smallest 440 cm-1 band depths, named low and high BBD, respectively. Standard errors are 1356 
shown as vertical lines and are on the scale of the line width in many cases. The Si-O stretching 1357 
shape of both BBD spectra are similar to the Type 1 (minimal dust) spectra while their 440 cm-1 1358 
band depths are different. (B) Density plot of the EQ3 SR and the EQ6 BBD showing a moderate 1359 
negative correlation.   1360 
 1361 
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1362 
Figure 6. (Top) Map of spectral EQ3 SR (Types 1 and 2 of Hamilton et al. 2021) (Bottom) Map of 1363 
EQ6 BBD.  White star denotes the Nightingale sampling site, and the boxes and numbers refer 1364 
to areas examined in the designated figure. 1365 
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 1366 
Figure 7. Density plots of the EQ3 SR (left plots) and the EQ6 BBD (right plots) versus OVIRS-1367 
derived data products. Horizontal striping in (A) and (B) is an artifact due to data resolution of 1368 
the troilite map of Trang et. al (2021). Both OTES indices appear moderately correlated with 1369 
nanophase troilite abundance (A,B), but only EQ6 BBD correlated to OVIRS 2.74 and 1.05 µm 1370 
band depths 1371 
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 1372 
Figure 8. Large partially exposed boulder with low albedo and thermal inertia with very high EQ 1373 
SR.  White dashed outline shows area of highest EQ3 SR values.  All scale bars 10 m, yellow and 1374 
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white boxes in top PolyCam image mosaic shows the location of Figure 9. The EQ3 SR values are 1375 
collocated with thermal inertia and albedo, while EQ6 BBD, 1.05 µm band depth, 2.74 µm band 1376 
depth, and troilite abundance vary over the boulder surface.  The northern portion of the 1377 
boulder generally has lower EQ6 BBD, lower 1.05 µm and 2.74 µm band depths, and higher 1378 
troilite abundance. The area to the south of the boulder (white box labeled B in PolyCam 1379 
mosaic) has relatively higher EQ6 BBD, 1.05 µm and 2.74 µm band depths, and lower troilite 1380 
abundance, compared to the majority of the boulder surface. 1381 

 1382 
Figure 9. (A) PolyCam images 200542 and 200543 over breccia boulder (Fig. 8) showing 1383 
relatively smooth surface with curvilinear fractures and partially exhumed clasts (white arrows). 1384 
(B) PolyCam image 38378 over area south of boulder (Fig. 8) with relatively high EQ6 BBD and 1385 
2.74 µm band depths and low troilite abundance relative to the boulder surface. This area is 1386 
composed of smaller rocks and some unresolved areas. 1387 
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 1388 
Figure 10. Boulder rich, dusty (Type 2) region.  White dashed outline highlights area of the 1389 
highest Si-O stretching ratio (EQ3 SR) values. White arrow points to area of relatively low EQ6 1390 
BBD, 1.05 µm and 2.74 µm band depths, and high troilite abundance.  All scale bars 25 m, and 1391 
colored boxes in top left PolyCam image mosaic shows the location of images in Figure 11 1392 
(green,11A; yellow, 11B; white, 11C).  1393 
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 1394 
Figure 11. PolyCam images over the boulder rich region shown in Figure 10.  A) PolyCam images 1395 
39086 and 39102 over the area with highest EQ3 SR values.  Area is dominated by large breccia 1396 
boulders and most rocks are resolvable.  B) PolyCam image 39090 showing approximate 1397 
boundary (white dashed line) between higher EQ3 SR values (right) and lower values (left).  1398 
Area on right is characterized by larger rocks and boulders, some of which are visible breccias, 1399 
while area on left contains much smaller rocks and some unresolved areas. C) PolyCam image 1400 
39158 over area with relatively low EQ3 SR values.  Note scale is smaller than A and B and there 1401 
is abundant unresolved material with small rocks. 1402 
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 1403 
Figure 12. Region with large areas of low and high EQ6 BBD. White dashed outline highlights 1404 
two areas of with smallest EQ6 BBD, and the yellow dashed line is an area with the largest EQ6 1405 
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BBD. White arrows point to four large boulders discussed in text. Yellow boxes show the 1406 
location of PolyCam images in Figure 13. The white boxes highlight two large boulders with 1407 
similar EQ6 BBD values, 1.05 µm and 2.74 µm band depths, troilite abundances, and albedos, 1408 
but with markedly different thermal inertias and EQ3 SR values, and location of PolyCam 1409 
images in Figure 14.  There is a gap in OTES coverage for EQ3 near the center of the region.   1410 

 1411 
Figure 13. PolyCam images in region shown in Figure 12.  A) PolyCam image 38872 over the 1412 
area with largest EQ6 BBD values.  Area is dominated by small bright rocks and unresolved 1413 
material.  B) PolyCam image 38787 over area with small EQ6 BBD values and that has larger 1414 
rocks and boulders compare to area in (A), many of which are breccias (white arrows). C) 1415 
PolyCam image 39016 over large boulder with small EQ6 BBD.  This brecciated boulder has a 1416 
distinctively low albedo, low thermal inertia, low hydration (small 2.74 µm band depths), and 1417 
relatively high troilite abundance.  All images have same spatial scale. 1418 
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 1419 
Figure 14. PolyCam images over two southern boulders shown in Figure 12.  Both boulders have 1420 
similar EQ6 BBD values, hydration level, albedo, and troilite abundance. A) PolyCam image 1421 
38967 over western boulder with higher thermal inertia and lower EQ3 SR values.  Boulder 1422 
appears brecciated with embedded clasts.  B) PolyCam image 41210 over eastern boulder with 1423 
much lower thermal inertia and higher EQ3 SR values (i.e., dust). Boulder is layered, and white 1424 
dashed line is approximate location of higher resolution PolyCam image shown in C. C) PolyCam 1425 
image 90238 eastern boulder showing layering (approximately orientated top to bottom in 1426 
image) with a large layer of highly clastic material (white arrow). 1427 
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 1428 
Figure 15. Data of mid- to far-infrared spectra of unirradiated (black solid) and irradiated (grey 1429 
dashed) hydrated carbonaceous chondrites from Brunetto et al. (2020). Each set of spectra 1430 
(unirradiated and irradiated) have been normalized so the SiO stretching depths are 1431 
approximately the same. In CM-type carbonaceous chondrites the SiO bending band depth 1432 
decreases relative to the SiO stretching band depth after irradiation.  For CI Alais the depths 1433 
remain approximately the same, and for ungrouped C2 Tagish Lake, the silicate bending band 1434 
depth increases after irradiation. 1435 

 1436 
Figure 16. IR spectra of unheated and heated chips of ALH 83100. Spectra are scaled and offset 1437 
to highlight the shallowing of the Si-O bending band near 440 cm-1 while the Si-O stretching 1438 
band depth is unaffected. The Mg-OH band near 625 cm-1 also slightly decreases in depth with 1439 
heating. 1440 
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Figure 17. Maps of OLA-derived normal albedo at 1064 nm (Clark et al., 2023) (top), EQ6 BBD 1442 
(middle), and the Smooth and Rugged Units of Jawin et al. (2022) (bottom). The equatorial 1443 
bulge as mapped by Jawin et al. (2022) is overlain on all maps and the white star (all maps) 1444 
denotes the Nightingale sampling site within Hokioi crater. The map of EQ6 BBD is overlain with 1445 
the reddest (youngest) craters of DellaGiustina et al. (2020) and Jawin et al. (2022).  White 1446 

outlined craters are the reddest (youngest) population defined by 1 (N = 79), the remaining 1447 

red craters are 0.5 (N = 255) (DellaGiustina et al. 2020). The boxes and numbers refer to areas 1448 
examined in the designated figure. 1449 
 1450 
Table 1.  Spectral Parameters Examined 1451 

Spectral Parameter Instrument Wavelength range Reference 

Silicate stretching ratio (SR)1 OTES 
10.0 - 12.4 µm  

(996 - 805 cm-1) Hamilton et al., 2021 

Silicate bending band depth (BBD)2 OTES 
18.6 - 26.9 µm  

(537 - 372 cm-1) Hamilton et al., 2021 

Silicate stretching band depth (SBD) OTES 
10.7 - 17.2 µm  

(935 - 580 cm-1) - 

Thermal inertia OTES 
6 - 50 µm  

(1667 - 200 cm-1) Rozitis et al., 2020 

Equatorial station 3 (EQ3) 
Temperature OTES 

6 - 50 µm  
(1667 - 200 cm-1) Rozitis et al., 2020 

Bond albedo OVIRS 
0.4 - 2.5 µm  

(25000 - 4000 cm-1) Li et al., 2021 

2.74 µm Band depth OVIRS 
2.6 - 3.0 µm  

(3846 - 3333 cm-1) Simon et al., 2020b 

Normalized optical path length 
(NOPL) OVIRS 

2.6 - 3.3 µm  
(3846 - 3030 cm-1) Praet et al., 2021 

Effective single-particle absorption 
thickness (ESPAT) OVIRS 

2.6 - 3.3 µm  
(3846 - 3030 cm-1) Praet et al., 2021 

0.55 µm Reflectance OVIRS 
0.45 - 0.7 µm  

(22222 - 14286 cm-1) Simon et al., 2020b 

1.05 µm Band depth OVIRS 
0.88 - 1.27 µm  

(11364 - 7874 cm-1) Simon et al., 2020a 

1.4 µm Band depth OVIRS 
1.27 - 2.6 µm  

(7874 - 3846 cm-1) Simon et al., 2020a 

1.8 µm Band depth OVIRS 
1.27 - 2.6 µm  

(7874 - 3846 cm-1) Simon et al., 2020a 

2.3 µm Band depth OVIRS 
1.27 - 2.6 µm  

(7874 - 3846 cm-1) Simon et al., 2020a 

Spectral slope 0.5 to 1.5 µm OVIRS 
0.5 - 1.5 µm  

(20000 - 6667 cm-1) Simon et al., 2020b 

Band area 3.2 to 3.6 µm OVIRS 
3.2 - 3.6 µm  

(3125 - 2778 cm-1) Simon et al., 2020b 

Nanophase/Microphase Troilite OVIRS 
0.4 - 1.2 µm  

(25000 - 8333 cm-1) Trang et al., 2021 
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Nanophase/Microphase Magnetite OVIRS 
0.4 - 1.2 µm  

(25000 - 8333 cm-1) Trang et al., 2021 

Nanophase/Microphase Iron OVIRS 
0.4 - 1.2 µm  

(25000 - 8333 cm-1) Trang et al., 2021 

Normal reflectance at 0.55 µm (v) OCAMS3 
0.52 - 0.58 µm  

(19231 - 17241 cm-1) DellaGiustina et al., 2020 

Normalized 0.85/0.55 µm (x/v) 
visible slope proxy OCAMS3 

0.52 - 0.89 µm  
(19231 - 11236 cm-1) DellaGiustina et al., 2020 

Normalized 0.47/0.55 µm (b’/v) 
 near-UV slope proxy OCAMS3 

0.44 - 0.58 µm  
(22727 - 17241 cm-1) DellaGiustina et al., 2020 

Relative band strength at 0.7 µm (w) OCAMS3 
0.52 - 0.89 µm  

(19231 - 11236 cm-1) DellaGiustina et al., 2020 
1Referred to as R987/814 in Hamilton et al. (2021) 1452 
2Referred to as BD440 in Hamilton et al. (2021) 1453 
3Wavelength ranges for OCAMS MapCam bands are b′: 0.44 to 0.50 µm, v: 0.52 to 0.58 µm, w: 0.67 to 1454 
0.73 µm, and x: 0.82 to 0.89 µm.  Wavelength ranges reported here are the minimum and maximum 1455 
wavelengths among all bands used for the spectral parameter indicated. 1456 
 1457 


